ABSTRACT-Sex-related outcome disparities following severe trauma have been demonstrated in human and animal studies; however, sex hormone status could not fully account for the differences. This study tested whether X-linked cellular mosaicism, which is unique to females, could represent a genetically based mechanism contributing to sex-related immunomodulation following trauma. Serial blood samples collected for routine laboratory tests were analyzed for ChrX inactivation (XCI) ratios in white blood cells. Thirty-nine severely injured (mean ISS 19) female trauma patients on mixed racial and ethnic background were tested for initial (baseline) and trauma-induced changes in XCI ratios and their associations with severity of injury and clinical outcome. At admission, two-thirds of the patients showed XCI-ratio values between one and three, about a third presented skewed XCI ratios (3-7 range) and three patients displayed extremely skewed XCI ratios (8-30 range). Serial blood samples during the clinical course showed additional changes in XCI ratios ranging between 20% and 900% over initial. Increasing XCI ratios during the injury course correlated with the severity of trauma, subsequent need for ventilator support and pneumonia. In contrast, initial XCI ratios did not show correlations with injury severity or clinical complications. Initial XCI ratios showed a positive correlation with age but older patients retained the ability to mount traumainduced secondary XCI changes. These data show that trauma results in X-linked cell selection in females, which is likely to be driven by polymorphic differences between the parental ChrXs. X-linked white blood cell skewing correlates with injury severity and a complicated postinjury clinical course. Female X-linked cellular mosaicism and its capacity to change dynamically during the injury course compared with the lack of this machinery in males may represent a novel immunomodulatory mechanism contributing to sex-based outcome differences after injury and infection.
INTRODUCTION
Although still controversial, several studies have demonstrated that females have better outcomes than males following trauma or sepsis (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) which is postulated to be the result of the immuno-modulatory role of sex hormones (1, 2, (12) (13) (14) . However, gender-based outcome differences cannot be exclusively attributed to the effect of sex hormones, as studies on prepubertal children also found that boys do clinically worse than girls after burn injury or infections (15) (16) (17) . Additionally, gender differences in disease processes including sepsis were also shown to manifest between postmenopausal women and elderly men (18, 19) . Lastly, experimental sex hormone replacements only partially diminished sex-based differences in animal models of injury or sepsis with most studies using pharmacological doses of estrogen (1, 2, (20) (21) (22) , which may cause alterations in the ACTH axis (23) (24) (25) (26) (27) . These data indicate that factors other than sex hormones alone contribute to gender-dimorphic outcomes.
We proposed previously that X-linked genetic polymorphisms may be important in gender-based outcome differences following injury or infection (28) . This hypothesis was based on the fact that females carry two inherently polymorphic X chromosomes (ChrXs) one inherited from the mother and one from the father. In contrast, males carry a single ChrX passed on from the mother. Therefore, polymorphic X-linked genes are present in two copies in females whereas males carry only the maternal variants. Dosage compensation of the potential ''double dose of proteins'' in females is achieved by random ChrX inactivation at an early embryonic stage when one of the parental ChrXs within an individual cell becomes methylated and stops gene expression through the entire lifespan of the cell or its progenies (28) (29) (30) (31) . Thus in females, biologically important polymorphic X-linked genes will produce two cellular phenotypes with potentially different regulatory or functional potentials driven by respective genetic polymorphisms of the maternal and paternal ChrX-s (28) (29) (30) (31) . In contrast, genetic polymorphisms of the maternal ChrX affect all cellular phenotypes in males (17, 28, 32, 33) .
X-linked cellular phenotype differences in females may alter functional diversity in white blood cells (WBC) which can manifest as differences in mobilization, migration, apoptosis, necrosis, or proliferation between mosaic subsets. If such functional and cellular response differences linked to the ChrX exist then this should manifest in skewed cell selection during the innate immune response. This was tested in murine models and it was found that X-linked immune cell skewing occurred in blood as well as in immune-competent organs following sepsis or endotoxemia (34) (35) (36) . Importantly, this acute ChrX skewing during the host response is different from the ''classical'' ChrX skewing which is stable and driven by skewed cell progenitors in the bone marrow and observed frequently in elderly females or carriers of severe X-linked genetic defects (37) (38) (39) (40) .
It is however unknown whether acute X-linked cell selection exists in humans during the innate immune response. If present, this would reveal a novel adaptive cellular mechanism unique to females and consequently may contribute to gender-based outcome differences. Thus, the current study tested the hypothesis whether X-linked WBC skewing occurs following moderate to severe injury and if so, how this phenomenon correlates with the severity of injury and clinical outcomes. We found that almost all female trauma patients displayed some degree of acute X-linked WBC skewing during the clinical course. Increased X-linked white blood cell skewing from baseline was more pronounced in patients who suffered more severe initial injuries or presented a complicated clinical course.
PATIENTS AND METHODS

Patients
The cohort represents consecutive female patients admitted to the trauma service at the New Jersey Trauma Center at University Hospital in Newark, a verified Level I Trauma Center. Inclusion criteria were: age >18 years; ISS ! 9; Glasgow Coma Score > 3; and admission to the Progressive care or Surgical Intensive Care Units. Patients who expired within 24 h of injury were excluded. Clinical data were obtained from the Trauma Registry including demographics, mechanism of injury, injuries sustained, length of intensive care unit (ICU) and hospital stays, days on ventilator support, occurrence of pneumonia, unit blood transfusions, organ failures, and mortality. The study was approved by the Institutional Review Board of Rutgers-New Jersey Medical School.
Blood sampling
DNA analyses were performed on the leftover, ready to discard blood drawn at admission into ethylenediaminetetraacetic acid containing vacutainer tubes and as available after subsequent routine tests. Blood was stored at 4 o C and DNA was isolated using QiAamp DNA isolation kit (Qiagen, Hilden, Germany) according to manufacturer's instructions within a 10-day period after the original blood drawing. The isolated DNA tested by agarose electrophoresis indicated good quality and consistent yield. DNA was stored at À80 o C until analyses.
ChrX inactivation (XCI) assay
XCI ratios were determined by measuring DNA methylation at the androgen receptor locus (HUMARA), which is a variable-length polymorphic site (38, 41) and heterozygosity for the variants is common. 1 mg genomic DNA was digested overnight with 2 U of methylation-sensitive and insensitive restriction endonucleases HpaII and RsaI in 50 mL volume at 37 C (New England BioLabs, Beverly, Mass). The analysis and PCR amplifications were performed according to a previously published procedure (41) using fluorescent labeled primers: 56-FAM/TCC AGA ATC TGT TCC AGA GCG TGC-3 V; and 5V-GCT GTG AAG GTT GCT GTT CCT CAT-3 V for PCR amplification. PCRamplified fragments were electrophoresed on ABI Prism 3130XL Genetic Analyzer and quantified by the area under the curve for each allele peak, using GeneMapper software (Applied Biosystems, Foster City, Calif). (42) . As expected, ratios determined from samples undigested with HpaII were near one in each patient who were heterozygous for Humara length-polymorphisms or resulted in one peak in homozygous patients. In calculating XCI ratios in the first (at admission) sample, we arbitrarily calculated ratios resulting in value of !1 for consistent presentation and easier reading.
Statistical analyses
Statistical calculations were performed using JMP software (SAS Institute, Cary, NC). Clinical data were expressed as frequencies and proportions for categorical variables and means and standard deviations for continuous variables. For continuous variables we used ANOVA followed by t test for pairwise or Tukey-Kramer for multiple comparisons. Univariate analyses used chisquare or Fisher exact tests for associations. Significant difference was concluded at P < 0.05; a trend toward significance at P < 0.1.
RESULTS
Patient population
Sixty-six female patients met the initial inclusion criteria ( Table 1) . Twenty-seven patients were excluded from the study because homozygosity for HUMARA was found in eight patients, no serial blood samples were available from 18 patients due to uncomplicated clinical course and early discharge, and one individual showed XCI ratio 34 at admission representing an outlier. Mean ISS was 19, mean ICU stay was 10 days, and 33% of the patients needed ventilation support of which 40% developed pneumonia. There was one death on day 5 post-trauma in the cohort (Table 1) .
ChrX skewing during the trauma course Figure 1 depicts XCI-ratio changes during the trauma course, which is a reflection of differences in circulating WBC numbers expressing respective parental ChrXs. For clarity of display we stratified patients according to the degree of XCI-ratio change. Figure 1A indicates those patients whose XCI ratios changed less than 30% during the course over the initial value collected at admission. Interestingly, this relatively stable ratio was readily manifested even in those patients whose initial XCI ratio was markedly skewed (Y axis scale 1 through 6, Fig. 1A) . Figure 1B depicts patients who displayed at least a 30% change over initial XCI ratio during the course indicating dynamically changing WBC ratios expressing respective parental ChrXs. Two patients in the cohort presented markedly skewed XCI ratios at baseline and one patient showed extreme XCI-ratio changes during the course but twice returning back to baseline (Fig. 1C) . To better illustrate the XCI dynamics during the clinical course and the general tendency of returning to baseline independent of the initial XCI ratio, we also expressed traumainduced XCI changes as percent of the initial XCI-ratio measured at admission (Fig. 1, D 
and E).
ChrX skewing and clinical outcomes
In order to assess the potential pathophysiological significance of trauma-induced XCI we examined whether changes in XCI ratios during the trauma course correlate with clinical parameters. Associations were tested after stratification by 20%, 30%, and 50% changes in trauma-induced XCI-ratios (change over initial anytime during the course). Stratifications at these levels were chosen, as they indicate that half, a third, or a fifth of WBCs expressing a particular parental ChrX are affected. First, we tested how the severity of injury is related to XCI. Figure 2 indicates that patients who displayed trauma-induced XCI at 20% and 30% over baseline were more severely injured than patients with less pronounced XCI (Fig. 2, A-C) . Importantly, there was no association between injury severity and the initial XCI measured at admission (Fig. 2, D-F) . Testing XCI-ratios from healthy volunteers showed less than 20% differences within an individual with a variance of 3.1% (N ¼ 11, 18 month period from four subjects). Intra-assay variance of XCI repeats was 2.6% (n ¼ 8).
Need for ventilator support and the development of pneumonia are important determinants of postinjury complications potentially affecting short and long-term outcomes. There were more patients on ventilator support who displayed traumainduced XCI at 20% to 30% over baseline as compared with patients with less pronounced XCI changes during the clinical course (Fig. 3 A and B) . There was no association between need for ventilator support and initial XCI ratios measured at admission (not shown). Testing the relationship between ChrX skewing and pneumonia showed a tendency of association at greater than 1.5-fold change in XCI ratio (Fig. 3F) .
Age is an important confounder in the clinical course of trauma. It was also shown that spontaneous and in-itself nonpathological ChrX skewing is frequently observed in healthy elderly females (37) (38) (39) . Testing this relationship we found that patients with greater than 1.3 to 1.5 initial XCI ratios were about double the age than patients with lower initial XCI ratios (Fig. 4, A-C) . Interestingly, however, stratification by greater ICU indicates intensive care unit; ISS, Injury Severity Score.
FIG. 1.
Female patients present ChrX skewing during the clinical course of injury. White blood cell DNA isolated from whole blood collected during the clinical course was tested for methylation at the polymorphic HUMARA locus as described in the Patients and Methods section to determine ChrX inactivation ratios (XCI). For clarity of presentation, patients were stratified by degree of the observed XCI-ratio changes in response to trauma showing XCI-ratio changes less than 30% of initial (A); more or equal than 30% of initial (B); or extreme XCI (C). The same patients showing XCI-ratio changes as percent of initial after starification by XCI changes less than 30% (D) or equal to or more than 30% (E).
than 100% initial XCI did not reveal any age difference (Supplemental Digital Content, Fig. 1 , http://links.lww.com/ SHK/A485). Importantly, the trauma-induced secondary changes in XCI did not reveal any association with age (Fig. 4, D-F) indicating that acute X-linked cell selection readily occurs in elderly females.
Lastly, because baseline ChrX skewing may impact subsequent trauma-induced changes in XCI, we also tested this relationship. We found that a greater initial XCI ratio was associated with a greater degree of trauma-induced XCI when stratified at the 50% response level (Supplemental Digital Content, Fig. 1 , http://links.lww.com/SHK/A485).
FIG. 3. Association between pulmonary complications and trauma-induced XCI.
After the same stratification as described for Figure 2 , we also tested associations between XCI-ratio changes and need for vetilattor support (A-C) or development of pneumonia (D-F). Trauma-induced changes in XCI ratios were dependent on ventilator support and inicated a trend for association with pneumonia. * Statistically significant difference at P <0.05;
# trend for significant difference at P < 0.1. See also Supplemental Digital Content- Fig. 1 , http://links.lww.com/SHK/A485.
FIG. 2.
Association between initial injury severity and trauma-induced XCI-ratio changes. Associations were tested after stratification by 20%, 30%, and 50% of XCI changes over initial as this indicates that half, a third, or a fifth of WBCs expressing a particular parental ChrX are affected. Trauma-induced XCIratio changes (A-C) were greater in patients with more severe injuries ( 
DISCUSSION
This study demonstrates for the first time that female patients present acute ChrX skewing in response to injury. The degree of ChrX skewing during the trauma course is associated with injury severity and post-traumatic clinical complications. The capacity to manifest acute trauma-induced ChrX skewing is independent of age and also occurs in individuals with marked ChrX skewing at baseline. Based on these observations, it is likely that increased and uniquely female X-linked cellular diversity contributes to gender-based outcome differences.
Acute, trauma-induced ChrX skewing is a reflection of differences between X-linked mosaic WBC subsets in rates of cell trafficking between the blood and periphery (35, 36) . In turn, X-linked changes in WBC trafficking are most likely the result of differences in rates of cell migration, metabolism, apoptosis, necrosis, or proliferation at the periphery or release from and retention at the bone marrow. At this point, it is unknown which combinations of these cellular processes and inflammatory mechanisms are determinants in causing ChrX skewing in circulating blood. The fact however that the traumainduced ChrX skewing tends to be modest and reversible suggests that X-linked cell selection takes place at the periphery in contrast with the ''classical'' ChrX skewing, which is marked and stable due to skewed progenitor selection in the bone marrow (37) (38) (39) (40) 43) . As the current study tested mixed WBCs in whole blood, additional work is needed to elucidate whether trauma-induced cell skewing differently affects circulating and tissue resident immune cells or if WBC composition changes during the clinical course confound observations.
ChrX is rich in immune-competent genes including members of the TLR-NFkB signaling pathway, multiple redox, pro and anti-apoptotic proteins and key regulatory proteins of T cell activation (17, 28, 32) . Whereas severe X-linked immune deficiencies are well studied in humans (17, 32, 33) , studies investigating common X-linked polymorphism are less abundant (17, 28) . This, in part, is the result of analytical difficulties associated with the X-linked genetic patterns and the apparent lack of heterozygosity in the population (44, 45) . Nonetheless, the fact that almost all female patients manifested some degree of ChrX skewing during the trauma course suggests prevailing immuno-modulatory impacts of common, otherwise nonpathological, X-linked polymorphisms. This acute variability in XCI under a pathophysiological challenge is in sharp contrast to stable XCI ratios in healthy females observed in this study and as demonstrated earlier (46) .
The facts that more severely injured patients and those who subsequently required additional ventilator support or developed pneumonia presented greater degrees of ChrX skewing than patients with fewer injuries or uncomplicated clinical course suggest that prevailing pathophysiological challenges promote polarization of cellular phenotypes. However, it remains unknown whether this X-linked cell polarization is an adaptive response or it is simply a reflection of a greater systemic inflammatory response. Nevertheless, based on the accepted notion that females show improved outcomes after injuries (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) , it is expected that increased X-linked cell variability provides clinical benefits in females over males.
However, our study also reveals that X-linked cell selection may be disadvantageous in selected individuals. For example, some of the patients showed marked initial ChrX skewing indicating an imbalance between WBC mosaic phenotypes. Thus, in these patients, it is determined only by chance whether the prevailing WBC phenotype is advantageous or not during the early trauma response. Importantly, however, even in those patients who had marked initial ChrX skewing, the secondary
FIG. 4.
Relationship between age and initial XCI ratio measured at admission. After the same stratification as described for Figure 2 , we found that advanced age correlates with elevated XCI at admission (ADM) up to a ratio of 1.5 (A-C). However, trauma-induced acute XCI changes do not correlate with advanced age (D-F).
skewing was readily manifested in response to trauma. In support of this notion, the patient who died on day 5 postinjury showed an initial XCI ratio of 9.5 and also displayed a more than 50% change in XCI ratio during the clinical course. Therefore, it is improbable that XCI changes associated with severe trauma or clinical complications will be uniformly advantageous or disadvantageous. It is more likely that skewed X-liked cell selection of mosaic populations will be determined by the presence of particular X-linked mutations in individual patients.
Our findings reinforce the analytical difficulties of studies testing associations between X-linked polymorphisms and clinical outcome (44) . This is because the gender-biased genotype frequencies and lack of heterozygosity are further complicated by the possible presence of XCI skewing in some patients causing a discrepancy between X-linked genotype and its presumed phenotype. These possible genotype-phenotype discrepancies may confound conclusions of association studies when outcomes are analyzed solely on the X-linked genotype.
Another limitation in the interpretation of these observations is that the initial XCI ratios were from blood collected upon admission to the trauma center. It is possible that some of the trauma-induced XCI changes may have already occurred during transportation to the hospital. As these studies were carried out in an urban trauma center with a mean transport time of 15 min and time from injury of less than 30 min, we do not believe that prolonged transport influenced baseline XCl data. Lastly, the fact that trauma-induced XCI ratios showed a tendency of returning to initial values ( Figs. 1 and 2 ) supports our assertion that the XCI ratio reported upon admission represents an acceptable baseline level.
Heterozygosity of the HUMARA locus was reported between 80% and 90% in various female populations (37) (38) (39) 43) , which is similar to our findings (88%). It is also known that healthy females over age 60 frequently present bone marrow-derived spontaneous otherwise non-pathological ChrX skewing, which is defined by convention as XCI ratio greater than three (37) (38) (39) . Interestingly, we did not find a correlation with age when stratified by XCI ratio greater than three; however, stratification at lower degrees of XCI ratios (30%-50%) showed a positive correlation with age. Importantly, age did not seem to affect the trauma-induced changes indicating that the elderly did not lose the capacity to present XCI dynamics during the clinical course.
Lastly, it cannot be ruled out that acute epigenetic changes may have also contributed to our findings, as inflammation may acutely alter global DNA methylation (47) . Furthermore, it was also reported that in addition to the unmethylated PAR regions of the ChrXs, an additional 15% of X-liked genes may escape methylation and permanent silencing on the ''inactive'' ChrX (29, 48) . Nonetheless, if epigenetic changes differently impact parental ChrXs following trauma then these would further increase cellular diversity in females as compared with males.
In summary, our observations indicating X-linked functional impacts of circulating WBCs indicate that common X-linked polymorphisms are modulators of the host response to injury. Trauma-induced X-linked WBC skewing is more pronounced in the more severely ill. This fact, together with the X-linked inheritance pattern and the unique functionality of X-linked cellular mosaicism, may explain continuing controversies in clinical studies testing outcome differences between males and females. The cellular interplay in mosaic females could ''buffer'' the inflammatory response by down-regulating hyper-active cell populations during excessive inflammation or in contrast, may compensate for immuno-paralysis thereby improving the clinical course. Evidently, this potentially beneficial X-linked balancing mechanism by mosaic subpopulations is absent in single-ChrX males. In some cases, however, ChrX skewing may be disadvantageous, as marked skewing can polarize cell responses driven only by one of the ChrXs similarly to that of males. We conclude that separation of clinical cohorts by sex and hormonal status may not be sufficient enough in aiming full elucidation of sex-specific outcome differences. This question can be answered only in combination with information on the accompanying status of X-linked polymorphisms, cellular skewing, and its inherent differences between males and females as well as among individual females within a cohort.
